Local prophylaxis with antibiotic-loaded bone cement is a successful method to prevent post-operative infections in patients receiving orthopaedic implants. No comparable method is available for uncemented implants. Therefore, a hydrogel consisting of hyaluronic and polylactic acids was evaluated in a rabbit model for delivery of antimicrobial agents to prevent post-operative infections.
Introduction
An orthopaedic-implant-related infection is a major complication that profoundly affects the patient's quality of life and is a burden for the health-care system. These infections are typically caused by biofilm-forming bacteria. The biofilm forms a microenvironment that supports the bacteria and protects them against both the host defence system and antimicrobial agents. As the metabolic activity of biofilm-residing bacteria decreases, so does their susceptibility to most antimicrobial agents (Costerton et al., 1995; Hoiby et al., 2010; Rochford et al., 2012) and higher antibiotic concentrations are required to inhibit their growth. Systemic antibiotic therapy, the standard for infection treatment and prophylaxis, www.ecmjournal.org may not yield sufficiently high concentrations at the implant site (Yeap et al., 2006) . Local administration of antibiotics allows for much higher antibiotic penetration in biofilms and tissues. This approach has been effectively adopted in antibiotic-loaded cemented implants, which have been shown to lower infection rates and improve implant survival when compared to bone cement without antibiotics (Engesaeter et al., 2006; Engesaeter et al., 2003; Malchau et al., 2002) .
In recent years, the number of implantations of uncemented prostheses has increased, especially in the young-patient population (Gee et al., 2013; Hailer et al., 2010; Kim et al., 2011) . For uncemented nails, an antibiotic-coated nail is available (Moghaddam et al., 2019) . However, hip and knee prostheses do lack the advantage of local infection prophylaxis that antibiotic-loaded bone cement offers. Various approaches have been tested to improve local infection prophylaxis in trauma and orthopaedic surgery (Uckay et al., 2013) . A promising approach are antimicrobial delivery systems for local infection prophylaxis (ter Boo et al., 2015) . For example, Neut et al. (2015) developed a biodegradable gentamicinhydroxyapatite coating on titanium alloy, covered with a protective, biodegradable poly(lactic-coglycolic acid) overlayer. This coating demonstrates infection prophylaxis for at least 7 d in a Staphylococcus aureus (S. aureus)-infected rabbit model. Furthermore, ter Boo et al. (2016) tested a thermo-responsive hyaluronic acid-poly(N-isopropylacrylamide) hydrogel for infection prophylaxis. The hydrogel, loaded with gentamicin, effectively prevented infection in a rabbit model of contaminated fracture treated with plating osteosynthesis. Furthermore, antibacterial coatings on implants have the potential of decreasing healthcare costs (Trentinaglia et al., 2018) .
Ideally, local prophylaxis would consist of an easily applicable product that can be combined with the implants currently used in the clinic and offer the opportunity to tailor an individual antibacterial treatment strategy. Furthermore, such a method should offer a controlled delivery of the loaded agent into the local environment of the implant, achieving high local concentrations of the antibacterial agent but avoiding systemic side-effects. In this light, a fastresorbable hydrogel coating, that can be loaded with various antibacterial agents, may offer protection against early bacterial colonisation of the implant in the period following surgery (Campoccia et al., 2010) . The study hypothesis was that a hydrogel could be used as a versatile carrier for antimicrobial agents on uncemented implants for infection prophylaxis.
The commercially available, biodegradable Defensive Antibacterial Coating ® (DAC ® ), consisting of hyaluronic acid and polylactic acid, was designed as a resorbable antibiotic-loaded hydrogel-coating for implants such as joint prostheses for protection against early post-operative infections. Release studies showed that 2 % (w/v) vancomycin-loaded DAC ® releases over 80 % of the antibiotic within the first 24 h of in vitro incubation (Giavaresi et al., 2014) , demonstrating that DAC ® can facilitate a fast delivery of the loaded agent. Furthermore, the hydrogel, when coated on titanium implants, has no effect on the volume or timing of bone growth near the implant and does not induce an inflammatory reaction in a rabbit implant-model (Boot et al., 2017) . Also, the hydrogel loaded with antibiotics (e.g. gentamicin and vancomycin) has proven to provide reduced rates of surgical site infections after internal osteosynthesis of closed fractures, hip or knee joint replacement and two-stage cement-less hip revision in three clinical studies (Malizos et al., 2017; Romano et al., 2016; Zagra et al., 2019) .
The purpose of the present study was to investigate the hyaluronic-acid-based hydrogel DAC ® as carrier for local delivery of antimicrobial agents for infection in an in vivo implant-related infection model. The hydrogel was loaded with vancomycin, a commonly used antibiotic in the orthopaedic field (van de Belt et al., 2001) . Furthermore, in light of the emerging bacterial resistance to antibiotics (Raad et al., 1998) and the decreased sensitivity to antibiotics of biofilm-residing bacteria (Stewart and Costerton, 2001; Trampuz and Widmer, 2006) , two non-antibiotic agents were tested. Namely, bioactive glass (BAG), which is currently used for treatment of chronic osteomyelitis in long bones (Drago et al., 2013b; Romano et al., 2014; Valimaki and Aro, 2006) and has osteoconductive (Lindfors and Aho, 2000), antibacterial Munukka et al., 2008) and antibiofilm properties (Drago et al., 2014b) , and N-acetyl-L-cysteine (NAC), which has antibacterial properties (Drago et al., 2013a; Romano et al., 2013) and reduces biofilm formation in vitro (Drago et al., 2014a) .
Materials and Methods

Experimental design
The present study comprised a pilot study and a larger main study. The pilot study was performed to assess the suitability of the in vivo model, to test whether the hydrogel could act as local carrier for agents to prevent infection. Further, the pilot study was performed to confirm that the hydrogel had no antibacterial effect in vivo, as shown in vitro (Drago et al., 2014a) . In the animal experiment following the pilot, the hydrogel was evaluated as a carrier material for local delivery of antimicrobial agents for infection prophylaxis.
Animal model and study timeline
In both studies, an established rabbit implant-related infection model was used (Vogely et al., 2000) . All animals received a sand-blasted titanium rod in the medullary canal of the left tibia at day 0. To induce a local infection, 10 5 colony forming units (CFUs) of S. aureus were inoculated in the medullary canal prior W Boot et al.
Antibiotic-loaded hydrogel for infection prophylaxis to implantation of the rod. Blood was taken weekly for analysis of neutrophil counts and erythrocyte sedimentation rates (ESRs). Also, fluorochromes were injected to label calcium incorporation at various time points. After 28 d, euthanasia took place followed by histopathological and bacteriological analyses, microcomputed tomography (µCT), as well as histological analysis of fluorochrome deposition (see also Table 1 for an overview of events).
Pilot animal study
First, the pilot study with 18 animals was performed according to the timeline described above, except for the fluorochrome injections. To assess whether the in vivo model system could be used to show a prophylactic effect for infection of a local carrier on implants, a group with 5 % (w/v) vancomycin mixed in the hydrogel was included. Further, to confirm that the hydrogel itself had no effect on the infection, a group with non-loaded hydrogel was included (see also Table 2 for an overview of the groups). As a negative control, a group without hydrogel coating was included. Power calculations were performed to estimate the required group size, taking the histological scores as the main outcome parameter. The calculation was based on the outcomes of previous, similar studies (Moojen et al., 2009; Vogely et al., 2000) . With group sizes of 6 animals per group, the power to detect a difference of 25 % in histological scoring for infection and inflammation was 79 %.
Main animal study
An animal study with 42 rabbits was performed.
In the main study, the hydrogel was evaluated as a carrier for local delivery of antimicrobial agents for infection prophylaxis. As a positive control for prevention of infection, a group with 5 % (w/v) vancomycin loaded in the hydrogel was used. The negative control consisted of a group with no hydrogel coating. To determine whether a lower concentration of vancomycin could also reduce infection, a group with 2 % (w/v) vancomycin-loaded hydrogel was included. Also, the prophylactic efficacy of two alternative antibiotics was assessed.
First, BAG has been proven to reduce bacterial growth in vitro (Drago et al., 2013b) . Second, NAC has been shown to inhibit biofilm formation in vitro (Drago et al., 2014a) . For the main animal experiment, a group size of 6 was used, except for the Gel group. As this latter group would be used for multiple comparisons with the other groups, it included 12 animals, increasing the likelihood of a representative outcome and, thus, decreasing the chance of a potential type I error. All experimental groups and the negative control were compared with the nonloaded hydrogel group. As it was not the study goal to find the optimal prophylactic agent, the test groups were not compared with each other.
Animals, welfare and housing
All experimental procedures were conducted with permission of the local Ethics Committee for Animal Experimentation at Utrecht University, Utrecht, the Netherlands (application number 2013.III.11.083). 16 week-old female New Zealand White rabbits (Charles River) were allowed to acclimatise for 7 to 14 d prior to surgery. They were housed in pairs at all times, except for the post-operative 2-3 d, until the surgical wounds were closed. Rabbits received 100 g of food (Stanrab, SDS, Essex, England) per day 
Action
Time point in study (day) Implantation 0 X-ray imaging 0 (postoperative) Blood drawings 0 (postoperative), 7, 14, 21, 28 Fluorochrome injections 3 and 10 or 7 and 21 Euthanasia 28 and water was available ad libitum. A weight loss exceeding 15 % of the animal's initial weight, sepsis or shock were considered as exclusion criteria.
Bacteria
S. aureus Wood 46 (ATCC 10832), a strain used in previous studies with this animal model (Vogely et al., 2000) , was used to induce a local infection in the tibiae.
For preparation of the stock suspension, a colony was grown overnight in Luria-Bertani medium at 37 °C. Subsequently, bacteria were grown until the logarithmic phase before being aliquoted and stored at − 80 °C in 8.5 % glycerol until further use. The same stock was used throughout the study and each aliquot was cultured prior to the animal studies to assess the number of CFU/mL after thawing. The day before surgery, an aliquot of the stock was diluted with sterile phosphate-buffered saline (PBS) to obtain an inoculation dose of 50 µL bacterial suspension containing a total of 10 5 CFUs.
Implants and hydrogel
Cylindrical sand-blasted titanium implants (diameter 4 mm, length 25 mm), with an average surface roughness of 5.6 µm, were implanted (Adler Ortho SRL, Milan, Italy) ( Fig. 1, left panel) . Prior to implantation, implants were coated with the hydrogel [DAC ® , Novagenit ® , Mezzolombardo, Italy; patent number WO2010/086421 A1; CE-mark certified by notified body number 0426 as 349-00-00-DM and 350-00-00-DM]. DAC ® consists of covalently linked hyaluronic acid and polylactic acid. The hydrogel was provided as a sterile powder in a syringe (60 mg) and was reconstituted during surgery by mixing it with 1 mL sterile demineralised water using the connector provided ( Fig. 1, middle panel) , resulting in a hydrogel with a concentration of 6 % (w/v) DAC ® .
Antimicrobials
All antimicrobial agents were mixed with demineralised water prior to the preparation of the hydrogel. In the experimental groups, DAC ® was loaded with 2 or 5 % (w/v) vancomycin (Hospira Benelux BVBA, Brussels, Belgium) (Van2 and Van5 groups, respectively) ( Table 2) . BAG powder (S53P4, particle size < 45 µm, BonAlive Biomaterials Ltd, Turku, Finland) was loaded into the hydrogel with a weight/volume percentage of 10 %. Earlier research on BAG has proven that BAG can reduce bacterial growth in vitro (Drago et al., 2013b) . NAC (A9165, Sigma-Aldrich) was loaded into the hydrogel with a weight/volume percentage of 0.5 %. This concentration was proven effective in vitro in a previous study for the reduction of S. epidermidis and S. aureus biofilm formation (Drago et al., 2014a) .
Surgery, analgesia and anaesthesia
Surgery was performed using injection anaesthesia and under aseptic conditions. Rabbits received preoperative subcutaneously administered analgesia in the form of 0.03 mg/kg buprenorphine hydrochloride (Temgesic ® , RB Pharmaceuticals Limited, Slough, UK). Anaesthesia was initiated by a subcutaneous injection of 10-15 mg/kg ketamine (Narketan ® 10, Vétoquinol BV, 's-Hertogenbosch, the Netherlands) and 0.15-0.25 mg/kg dexdomitor (Orion Corporation, Espoo, Finland). Anaesthesia was maintained by an intravenous line of dexdomitor and ketamine 1 : 10 diluted with saline. To protect the eyes against dehydration, eye ointment was used (Added Pharma BV, Oss, the Netherlands). During surgery, rabbits received additional oxygen (100 %) through a mask.
The left paw was shaven and disinfected with 10 % povidone-iodine (Betadine ® solution, Meda Pharma B.B., Amstelveen, the Netherlands). After applying sterile draping, the knee joint was opened after making a medial-parapatellar incision. Anterior to the anterior-crucial ligament on the tibia, the medullary canal was opened with an awl and reamed by hand using a 4.1 mm diameter drill. Subsequently, a 50 µL bacterial suspension containing 10 5 CFU S. aureus was injected under otherwise sterile conditions into the cavity using a pipette. Next, the implant, with or without coating, was inserted into the medullary canal. The joint capsule was closed with Vicryl size 3-0 sutures (Ethicon, Johnson & Johnson) and the skin with Monocryl size 3-0 sutures (Ethicon, Johnson & Johnson). X-ray imaging was performed to verify the position of the implants in the proximal medullary tibial cavity, with an undamaged cortex ( Fig. 1, right panel) . Anaesthesia was reversed using 0.5-1.0 mg/kg Atipam (Eurovet Animal Health B.V., Bladel, the Netherlands). Post-operative analgesia with subcutaneously administered 0.03 mg/kg buprenorphine hydrochloride was applied every 8 h for the first 48 h.
Euthanasia
Rabbits were sacrificed 28 d after surgery with an overdose of sodium pentobarbital (Euthanimal 40 %, Alfasan Nederland BV, Woerden, the Netherlands) administered intravenously under general anaesthesia.
Post-mortem sample acquisition and analyses
After sacrificing the animals, the skin of both paws was shaven, disinfected with 10 % povidone-iodine and covered with sterile drapes. After removing skin and soft tissues, the anterior parts of the proximal tibiae were extracted under aseptic conditions, using a rotary saw with a saw blade (Dremel, model 300, and Dremel Cut-Off Wheel No. 409, Breda, the Netherlands). The bone pieces were placed into a sterile tube, weighed and stored on ice to prevent further bacterial growth. This procedure was performed for both tibiae of all animals. The posterior parts of the left tibiae with the implant were sawed off and fixed in formalin.
Bacteriology of anterior tibiae
The anterior bone fragments of the tibiae were weighed and homogenised in 10 mL PBS using a tissue homogeniser (Polytron PT3100; Kinetica Benelux, Best, the Netherlands) at 2,500 rpm for 3 min and subsequently at 6,000 rpm for 5 min. Then, serial 10-fold dilutions from these homogenates were plated onto 5 % sheep blood agar plates (Becton Dickinson, Alphen aan den Rijn, the Netherlands).
After an overnight incubation at 37 °C, the S. aureus CFUs on the plates were counted. For each tibia, the number of CFUs of bacteria/g of bone was calculated.
Bone-implant contact
Before the embedding process, the bone volume fraction percentage was measured within 180 µm from the implant surface using a µCT scanner (Quantum FX, Perkin Elmer) to analyse the bone apposition on the implant surface. Data were acquired under a tube voltage of 90 kV, a tube current of 180 µA, a scan time of 3 min per sample and a voxel size of 60 × 60 × 60 µm 3 . Then, images were reconstructed automatically in three dimensions (3D) using the built-in µCT software (Analyze 11.0). The same software was used to convert the 3D images into 512 2D slices in tiff format. To calculate the amount of bone at the implant surface, the images were first thresholded globally. Multiple regions of interest (ROIs) were generated to measure the bone-implant contact. The implant position in the bone was used to generate ROI 1 (Fig. 5b) . To eliminate the partial volume effects due to the rough surface of the implant, ROI 1 was expanded by two pixels (ROI 2 ). The region representing the bone-implant contact was defined as the volume sandwiched between ROI 2 and the area created by radially enlarging ROI 2 with 3 pixels (ROI 3 ). Then, the bone in ROI 3 was locally segmented and the bone volume within ROI 3 was calculated. The amount of bone volume when compared with the total volume of ROI 3 yielded the percentage of bone-implant contact. The surface of the implant directly adjacent to the removed anterior part of the tibia was excluded from the analysis.
Histopathology
The posterior part of the left tibia, containing the implant, was embedded in methyl methacrylate (MMA , resulting in a score between 0 (no infection) and 56 (serious infection). One proximal and one distal section of each tibia, including the implant, were blindly examined together by a pathologist using a light microscope.
Haematology
Blood samples were taken from an ear vein and sent to the Laboratory of Clinical Chemistry and Haematology at the UMC Utrecht for measuring ESR and neutrophil counts pre-operatively and 1, 2, 3 and 4 weeks post-operatively.
Fluorochromes
To visualise dynamic bone formation during the experimental period, rabbits were injected with fluorochromes (van Gaalen et al., 2010) . In each experimental group, half of the rabbits were injected on day 3 and 10 and the other half were injected on day 7 and 21 with xylenol orange (xylenol orange tetrasodium salt; 398187, Sigma-Aldrich) and calcein green (calcein disodium salt, 21030, Fluka analytical, Sigma-Aldrich), respectively. Unstained MMA www.ecmjournal.org sections were analysed for presence of fluorochromes in the bone directly adjacent to the implant to determine the time of bone deposition around the implant. A score of 1 was given if the label was present. A score of 0 was given if no bone or no label was present. The scores of all samples in a group were averaged per time point, resulting in a score between 0 (bone deposition in none of the animals) and 1 (bone deposition in all animals).
Statistical analyses
In the pilot experiment, the No gel and Van5 groups were compared to the Gel group using a one-way ANOVA with Dunnett's post-hoc test. In the main study, for evaluating the efficacy of the hydrogel as a carrier, No gel, Van2, Van5, BAG and NAC groups were compared to the Gel group using a one-way ANOVA with Dunnett's post-hoc test for all analyses and time points. All statistical calculations were performed in SPSS (Microsoft Windows version 20.0; SPSS, Inc., Chicago, Illinois). A p < 0.05 was considered statistically significant.
Results
Pilot study General
In the pilot study, one rabbit from the Gel group died of an unknown cause on day 3 and was replaced. However, the replacement animal also died, with strong suspicion of sepsis due to infection.
Histopathology
The semiquantitative scoring of the histological sections showed that the Van5 group had a significantly lower infection grade when compared with the Gel group (mean score 1 ± 1.6, p = 0.000) ( Fig.   Fig. 2. Results of the pilot study. . Also, lower infection and inflammation scores were seen in the No gel group when compared to the Gel group (mean scores 9.5 ± 10.3 and 22.2 ± 18.9 respectively, p = 0.034).
Bacteriology
In 5 out of 6 rabbits in the No gel group and in 5 out of 5 rabbits in the Gel group, bacteria were found in the bone of the anterior tibiae (p = 0.445) (Fig. 2b) . In contrast, none of the rabbits were positive for bacteria in the Van5 group (p = 0.000, compared to Gel group), indicating that no local infection was present at day 28. Bacterial culture resulted in average [± standard deviation (SD)] CFU counts of 1.1 × 10 6 (± 1.1 × 10 6 ) for the No gel group and 1.4 × 10 6 (± 1.8 × 10 6 ) for the Gel group (p = 0.699), whereas the Van5 group was culture negative (p = 0.131, compared to the Gel group) (Fig.  2c) . None of the cultures from the contralateral side was positive.
Haematology
The rabbits in the Van5 group showed lower neutrophil counts than those in the Gel group at day 7, 14, 21 and 28 (p = 0.007, 0.001, 0.003 and 0.024, respectively) (Fig. 2d) . The No gel group demonstrated lower neutrophil counts at day 14 as compared to the Gel group (p = 0.020) (Fig. 2d) . The No gel and Van5 groups exhibited lower ESR values as compared to the Gel group at day 7 (p = 0.000 for both groups) ( Fig. 2e ).
Main study General
All rabbits recovered well from the surgical intervention. X-ray imaging showed correct positioning of the implant in the left tibiae. During the study period, two rabbits died. One rabbit of the BAG group died at day 7. Autopsy showed a strong indication for septicaemia. This animal was replaced. One rabbit of the Gel group was found deceased at day 12. Autopsy was not conclusive in defining the cause of death. This animal was replaced; however, the replacement animal also died, possibly of septicaemia. Results obtained from the deceased rabbits were excluded from the study, leaving the Gel group with 11 animals instead of 12.
Histopathology
The histopathology data of the Gel group were analysed using the Kolmogorov-Smirnov test, which showed a normal data distribution (p = 0.263). Microscopical analysis of the histological slides showed similar infection scores in the Gel group as compared to the No gel group (mean scores 17.7 ± 11.9 and 17.5 ± 9.9, respectively, p = 0.955) (Fig.  3) . The average histopathology scores of the rabbits in both vancomycin groups were lower when compared to the Gel group (mean score 3.8 ± 3.9, p = 0.001 for the Van2 group and mean score 2.7 ± 1.5, p = 0.000 for the Van5 group). No differences were found between the BAG or NAC groups when compared to the Gel group (mean scores 22.2 ± 14.6, p = 0.575 and 21.8 ± 8.8, p = 0.641, respectively).
Bacteriology
Bone samples from the anterior tibiae of both left (contaminated) and right (control) rabbit paws were cultured to detect for presence and number of bacteria (Fig. 4) . All cultures of the right-control tibiae were negative. In the No gel and Gel groups, 2 out of 6 and 1 of 11 rabbits (p = 0.720), respectively, did not have infection-positive cultures after 28 d. This suggested that some rabbits cleared the infection themselves (Fig. 4a ). In the Van2 and Van5 groups, more rabbits had negative bacterial cultures, i.e. 5 out of 6 (p = 0.006) and 4 out of 6 (p = 0.044), respectively. The BAG and NAC groups demonstrated similar results to the Gel control group, as in both groups 1 out of 6 (p = 0.997) rabbits had a negative culture. Bacterial culture resulted in average (± SD) CFU counts of 4.2 × 10 5 (± 9.9 × 10 5 ) and 6.3 × 10 5 (± 1.2 × 10 6 ) (p = 1.000) for the No gel and Gel groups, respectively (Fig. 4b) . For the Van2 and Van5 groups, average CFU counts were 2.6 × 10 5 (± 6.4 × 10 5 ) (p = 0.989) and 2.9 × 10 1 (± 4.5 × 10 1 ) (p = 0.962), respectively. The BAG group had a similar average of 4.2 × 10 5 (± 9.9 × 10 5 ) (p = 0.996) as compared to the Gel control group. The NAC group had a higher bacterial count of 6.6 × 10 6 (± 6.9 × 10 6 ) (p = 0.033), compared to the Gel group.
µCT Infection induced destruction of the original cortex and increase in bone volume at the periosteal side, as could be observed in the images from the Gel, BAG and NAC groups (Fig. 5a ), whereas the No gel group showed mild periosteal bone formation. Both groups with vancomycin exhibited an intact cortex and no increases in periosteal bone. All groups exhibited an average percentage of bone-implant contact of 40-60 % (Fig. 5c ). The Gel group showed a similar average amount of bone-implant contact (42.4 %) to the No gel group (45.4 %, p = 0.376). The Van2 and Van5 groups had higher average percentages of boneimplant contact (54.4 % and 52.8 %, respectively), although the difference was only significant for the Van2 group (p = 0.009 and p = 0.210, respectively).
The BAG and NAC groups demonstrated similar bone-implant contact percentages (38.5 % and 39.7 %, respectively) as compared to the Gel group (p = 0.681 and p = 0.598, respectively).
Haematology
The Gel group demonstrated blood values similar to the No gel group at all time points. The Van2 and Van5 groups showed lower ESR (p = 0.015 and p = 0.004, respectively) ( Fig. 6a) and neutrophil values ROIs were generated to enable measuring the bone-implant contact. The implant was detected by global thresholding and defined ROI 1 (inner yellow circle 1). ROI 1 was radially expanded 2 pixels, which resulted in ROI 2 (middle yellow circle, 2). Then, ROI 2 was enlarged with 3 pixels (outer yellow circle, 3). The enlarged region was defined as ROI (p = 0.001 and p = 0.000, respectively) ( Fig. 6b ) at day 7 when compared with the Gel group. The Van5 group also exhibited decreased neutrophil counts at day 28 as compared with the Gel group (p = 0.041). The blood values of the BAG and NAC groups did not differ from the Gel group at any time point.
Histological analysis of fluorochrome deposition
In Fig. 7 , images taken by light and fluorescence microscopy are shown to visualise the presence or absence of fluorochromes at different time points (days 3, 7, 10 and 21). Except for 1 rabbit in the Gel group, no rabbits presented bone apposition around the implant at day 3 (Table 3) . At day 7, the Van2 group exhibited increased bone growth around the implant as compared to the Gel group (p = 0.031). By day 21, the Van5 group was the only group that showed bone apposition in all animals. In general, all groups exhibited an increased incidence of bone deposition around the implant over time.
Discussion
The present study demonstrated that DAC ® could successfully deliver vancomycin for local prophylaxis against implant-related S. aureus infections in a rabbit model. DAC ® loaded with 2 % or 5 % vancomycin reduced the infection severity and incidence in an in vivo model of implant-related infection. Furthermore, the vancomycin-loaded hydrogel coating improved bone-implant contact and demonstrated lower scores for infection, inflammation, ESR and neutrophil counts at day 7 as compared to the unloaded hydrogel. Moreover, the Van2 group exhibited a higher bone-implant contact percentage and a higher incidence of bone deposition around the implant than the Gel group. This trend was also observed for the Van5 group, although the differences were not significant. The BAG and NAC groups did not show reductions in any of the infection parameters as compared to those of the Gel group. The pilot study was designed to test whether the group with 5 % vancomycin loaded in the hydrogel was suitable as a positive control group and to confirm that the hydrogel itself did not exert an antibacterial activity in vivo. Indeed, the Van5 group demonstrated a reduced infection as compared to the Gel group, demonstrating that applying it to an implant could prevent infection in vivo and that it could serve in the following animal experiment as a positive control.
As DAC ® alone does not exert an antibacterial activity in vitro (Drago et al., 2014a) , the No gel and Gel groups in the pilot experiment were expected to demonstrate similar outcomes. Surprisingly, the differences in the histological scoring and blood values between the No gel and the Gel group in the pilot study suggested that the presence of the hydrogel could lead to a more severe infection. Because this finding was unexpected, a group without hydrogel coating was included in the following animal experiment to investigate whether this effect could be reproduced. However, in the subsequent experiment, no significant differences could be demonstrated between the group without hydrogel and the group with empty hydrogel coating for any of the tested parameters. Therefore, there was no conclusive evidence that the hydrogel caused a more severe infection when applied without antibacterial agents.
Loading the hydrogel with vancomycin did not eliminate the infection in all rabbits, as some bacterial cultures in the Van groups were positive. Histological scores for infection and inflammation were lower when using vancomycin-loaded hydrogel, indicating a mitigation of the infection severity. Also, the animals did not receive systemic antibiotics in support of the local antibacterial prophylaxis, as routinely applied in the clinics. This finding suggested that local antibiotics alone were not enough to prevent infection in the described model. Interestingly, the results indicated that the Van2 group performed better than the Van5 group, suggesting that 2 % vancomycin could be a sufficient dose for infection prophylaxis. However, the study was not designed to find an optimal dose of vancomycin to be loaded in the hydrogel and more research should be conducted to find more conclusive evidence in this context.
DAC was specifically designed as a coatingmaterial for uncemented bone implants. Therefore, it would be interesting to further functionalise the hydrogel with osteoconductive materials that can stimulate bone growth towards the implant (Fassbender et al., 2014; Rammelt et al., 2006; Stadlinger et al., 2008) . Bone-implant contact, which provides stability to the implant, is essential for the long-term clinical success of uncemented implants (Matassi et al., 2013) . In the present study, bone-implant contact was already observed by fluorochrome incorporation at day 3. Furthermore, in most groups, more than half of the samples exhibited bone-implant contact at day 21. One of the antibacterial materials incorporated, BAG, is also well-known for its bone regenerative potential (Valimaki and Aro, 2006) . Nevertheless, due to the persistence of infection, which induces bone resorption (Del Pozo and Patel, 2009; Parvizi et al., 2012) , the osteoconductive effects could not be studied for the BAG group.
BAG has also been shown to exert an antibacterial effect Munukka et al., 2008) , which is thought to reside in the simultaneous increase in pH value and the rise in osmotic pressure caused by the release of ions, causing an unfavourable environment for bacteria (Stoor et al., 1998) . Although BAG has been shown to inhibit bacterial growth in vitro at similar concentrations of various aerobic bacteria, including S. aureus (Munukka et al., 2008) , loading DAC ® with BAG did not prevent infection in any of the animals. It may be possible that an Fig. 7 . Images of stained and unstained MMA slides. Images of the three left columns were acquired by light microscopy. Images in the right column were acquired by fluorescence photography to visualise the presence or absence of fluorochromes at different time points. W Boot et al.
Antibiotic-loaded hydrogel for infection prophylaxis insufficient absolute amount of BAG was locally available to facilitate an antibacterial effect, however, more research needs to be performed to confirm this theory. Similarly, applying a NAC-loaded hydrogel on the implant did not reduce the infection in the rabbit model. The concentration of NAC used in the current study was proven to be effective in an in vitro setting for reduction of biofilm formation by S. epidermidis and S. aureus (Drago et al., 2014a) .
In congruence with the amount of BAG, the total amount of NAC might also have been too small to prevent infection in this model. A hydrogel provides flexibility in the choice of the functional agent. A previous study has shown that the hydrogel used in the present study can be loaded with a range of antimicrobial agents and can be applied on various implant surfaces (Drago et al., 2014a) . Considering the risks of bacteria developing antibiotic resistance that is associated with the use of antibiotics (Campoccia et al., 2006) , the application of alternatives has become very attractive. Different types of antibacterial agents may be combined for a more effective infection prophylaxis. Hydrogels can be rapidly reconstituted and easily applied on virtually every type of uncemented orthopaedic implant during the surgical procedure, eliminating the need for a variety of prosthetic implants with specific coatings (Goodman et al., 2013) .
In conclusion, locally administered vancomycinloaded DAC ® reduced infection rates in an animal model of implant-related infections. The use of antimicrobial agents such as BAG and NAC did not exert a prophylactic effect. 
